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ABSTRACT 

The f r e e  i o n  1s binding energy s h i f t s  f o r  oxygen anions are inves t iga t ed  

as  a func t ion  of charge of t h e  anion. The ASCF method is used f o r  t he  

c a l c u l a t i o n  of t h e  binding energies .  

t o  oxygen i n  bulk i o n i c  oxides ,  t h e  0- anion i n  t h e  conf igu ra t ion  

ls22s22p6 is s tud ied .  It is  shown t h a t  t he  r e s t r i c t e d  Hartree-Fock 

method cannot l ead  t o  meaningful r e s u l t s  f o r  a f r e e  0- anion. The anion 

must be s t a b i l i z e d  by an e x t e r n a l  p o t e n t i a l .  

f o r  t h i s  p o t e n t i a l  and obtained binding ene rg ie s  f o r  several f r a c t i o n a l  

charge states between 0' and O= . 
energy s h i f t  i s  18eV/electron; a t  O = ,  i t  i s  12eV/electron. 

0- binding energy p l u s  the  i o n i c  po in t  charge Madelung p o t e n t i a l  f o r  

g ives  a binding energy %3eV l a r g e r  than t h e  observed value.  

I n  order t o  have r e s u l t s  app l i cab le  
- 

- 

We have used a Watson sphere 

A t  0' , w e  f i n d  t h a t  t h e  binding 

Our "free" ion 
- 

FeO 
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The chemical s h i f t s  of t h e  core  l e v e l  binding ene rg ie s  observed i n  

x-ray photoemission, XPS, provide information on t h e  chemical environment 

and bonding of atoms i n  molecules and s o l i d s .  '3' I n  p a r t i c u l a r  i t  i s  

u s e f u l  t o  i n t e r p r e t  t h e s e  chemical s h i f t s  i n  terms of the  e f f e c t i v e  

i o n i c i t y  or  charge state of t h e  atom. This is  o f t e n  done by us ing  empiri- 

cal o r  semiempir ical  approaches which d iv ide  t h e  s h i f t  i n t o  an  i n t r a -  

atomic o r  f r e e  i o n  p a r t  and a p a r t  due t o  the  p o t e n t i a l  generated by the  

environment (or  surrounding atoms). 1-3 Although such approaches do not  

e x p l i c i t l y  t a k e  i n t o  such e f f e c t s  as extra atomic f i n a l  s ta te  r e l a x a t i o n ,  

they have been used wi th  reasonable  success  i n  a wide range of app l i ca t ions .  

4-6 

The i n t e r p r e t a t i o n  of t h e  01s binding ene rg ie s  f o r  oxygen i n  bulk  

metal oxides  is a case of p a r t i c u l a r  concern. For i n s u l a t i n g  i o n i c  oxides  

(e .g . ,  N i O ,  MnO, o r  SrO), 0 is  normally assigned a formal change of 2 - .  

The 0 an ion ,  which is  uns t ab le  as a f r e e  ion ,  is descr ibed  as being 

s t a b i l i z e d  by t h e  Madelung p o t e n t i a l  of po in t  changes r ep resen t ing  the  

c a t i o n s  (metal) and an ions  (oxygen). 798 The u s u a l  a n a l y s i s  of t he  0 1s 

2- 

binding energy would r e q u i r e  t h a t  w e  consider  four  terms i n  order  t o  

determine t h e  e f f e c t i v e  change of t hese  0 anions as "observed" by XPS: 

(1) the  " f r e e  ion" 1s binding energy of O=; (2)  t h e  con t r ibu t ion  of the 

Piadelung po in t  charge p o t e n t i a l ;  (3) a term tak ing  account of t h e  overlap 

and exchange r epu l s ion  of t h e  extended change d i s t r i b u t i o n s  about t he  

an ions  and c a t i o n s ;  '"O and ( 4 )  t h e  con t r ibu t ion  of extra-atomic f i n a l  

s ta te  r e l a x a t i o n .  4-6 Parry," f o r  example, has proposed a r e l a t i o n s h i p  

which f o r  t he  1s binding energy of 0 i n  a compound, Bcomp(Ols) , may be 

c a s t  i n  t he  form: 
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B (ols) = B ( O ~ ~ ,  free atom) 
comp 

+ 1 Ac (R ) (N } 
C#O o c  c 

Here B ( O l s  , f r e e  atom) is t h e  Is binding energy of a f r e e  0 atom; q 

is  the  e f f e c t i v e  charges on one 0 i o n  ( t h e  atom t o  be ionized) and q 

t h e  charge on any o the r  anion o r  c a t i o n  i n  t h e  system; 

of t h e  ion  c from t h e  0 ion;  A (R ) is  a term t o  account f o r  t he  over- 

l a p  of charge of i on  c with t h e  0 ion and depends on t h e  d i s t a n c e  R * 
oc , 

N i s  t h e  number of valence e l e c t r o n s  on t h e  c anion or c a t i o n ;  and X 

i s  t h e  f r e e  ion  binding energy s h i f t  assumed t o  be constant  f o r  a l l  

0 

C 

i s  t h e  d i s t a n c e  Roc 

c oc 

t h  
C 

poss ib l e  charges on t h e  ion. The term Xq is  t h e  f r e e  ion  s h i f t ;  the  

f i r s t  summation i s  t h e  Madelung p o t e n t i a l  a t  oxygen and the  second summa- 

t i o n  r e f l e c t s  t h e  f a c t  t h a t  t h e  charge d i s t r i b u t i o n s  of t h e  o the r  i ons  

0 - 
, -  

overlap t h a t  of t h e  oxygen atom. Thus, P a r r y ' s  formula includes a l l  of 

t h e  con t r ibu t ions  descr ibed above except t h e  f o u r t h  due t o  f i n a l  s t a t e  

r e l a x a t i o n .  

I n  o rde r  t o  determine t h e  v a l i d i t y  of t h i s  s o r t  of decomposition of 

the chemical s h i f t s ,  i t  i s  necessary t o  o b t a i n  r e l i a b l e  va lues  f o r  t h e  

va r ious  con t r ibu t ions  discussed above f o r  a t  least  a few r e p r e s e n t a t i v e  

cases .  

In  t h i s  paper, w e  are concerned with a n  accu ra t e  determinat ion of 

the f ree  ion s h i f t  X . 
energies  f o r  0 i n  va r ious  charge states, including f r a c t i o n a l l y  charged 

anions,  up t o  0 . The ASCF method g ives  r a t h e r  accu ra t e  1s binding 

This is done by computing ASCF" Is binding 

= 

energies,133311 hence i t  can be expected t o  g ive  r e l i a b l e  va lues  f o r  X . 
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I n  f a c t ,  s i n c e  i t  is d i f f i c u l t  o r  impossible t o  ob ta in  experimental  va lues  

. 

of Is binding ene rg ie s  of f r e e  ions  and o f t e n  f o r  n e u t r a l  atoms, t h e  ASCF 

method o f f e r s  t h e  b e s t  way t o  ob ta in  accu ra t e  va lues  f o r  X .  

We s h a l l  f i r s t  cons ider  t h e  na tu re  of t h e  r e s t r i c t e d  Hartree-Fock 

(RHF) s o l u t i o n  f o r  a f r e e  O= anion with conf igura t ion  Is 2 2 6  2 s  2p . 
s h a l l  show t h a t  i t  is  impossible  t o  ob ta in  meaningful r e s u l t s  f o r  O= 

W e  

without  imposing some s o r t  of e x t e r n a l  p o t e n t i a l .  

procedure f i r s t  used by Watson12 f o r  p lac ing  the  atom i n  t h e  p o t e n t i a l  of 

W e  then d e s c r i b e  a 

a charged sphere  and r e p o r t  ASCF 1s binding ene rg ie s  f o r  several charge 

states of 0 using the  charged sphere. A va lue  of X is  der ived  from 

these  c a l c u l a t e d  binding energ ies .  

Severa l  workers 13’14 have repor ted  b a s i s  set RHF Self  Cons is ten t  

2 2 6  F ie ld ,  SCF, wave func t ions  f o r  O3 (Is 2 s  2p ) . 
O= which is  about 

They f i n d  an  energy f o r  

2 2 4  3P (Is 2s  2p ) ground 8eV higher  than t h a t  f o r  t he  

state of n e u t r a l  0 .  This  would appear t o  confirm t h e  f a c t  t h a t  f r e e  

is g r e a t e r  than O= i s u n s t a b l e .  However, t h e  2p o r b i t a l  energy, E: 

zero; Huzinaga and Hart-Davis14 f i n d  E = + 0.066 h a r t r e e  = +1.8 eV. 
2P ’ 

2P 
P o s i t i v e  o r b i t a l  ene rg ie s  are appropr i a t e  f o r  continuum o r b i t a l s  y e t  t he  

t o  be d i s c r e t e  and square 
2P ’ basis set u s e d f o r c e s  the  2p o r b i t a l ,  e 

i n t eg rab le .  It is necessary t o  use  a more f l e x i b l e  b a s i s  set t o  

r e so lve  t h i s  c o n t r a d i c t i o n  and ob ta in  a meaningful wave func t ion  f o r  

0- .  

f l e x i b l e  b a s i s  is  used. E i the r  E: becomes negat ive  as i s  requi red  

f o r  a d i s c r e t e  square i n t e g r a b l e  o r b i t a l  o r  t h e  2p o r b i t a l  becomes a 

continuum e l e c t r o n ,  denoted E 

+ six f r e e  e l e c t r o n s .  

- 
It would seem t h a t  one of two th ings  must happen when a more 

2P 

2 2  , and we ob ta in  a s o l u t i o n  f o r  O+4(ls 2s ) 
P 

Since the  energy of 0+4 is 6.55 h a r t r e e s  = 178 e V  

above t h a t  of n e u t r a l  0 ,  t h i s  second p o s s i b i l i t y  seems t o  be ru l ed  o u t .  
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- 
I n  order t o  i n v e s t i g a t e  the na tu re  of f r e e  0- more c l o s e l y ,  a series 

of SCF c a l c u l a t i o n s  w e r e  performed. 

(STO) 

o the r  2p exponents w e r e  optimized f o r  0- . The range of t h e  exponent of 

t h e  d i f f u s e  func t ion  w a s  0.07 t o  0.01. The t o t a l  SCF energy, t h e  2p 

S t a r t i n g  from t h e  5 s 3 p  Slaier type 

O= b a s i s  set of Ref. 14 a d i f f u s e  2p func t ion  was added, then a l l  
- 

o r b i t a l  energy, and t h e  c o e f f i c i e n t  of t h e  d i f f u s e  exponent are shown 

i n  Table I f o r  several va lues  of t h e  d i f f u s e  p exponent. The va lues  of 

E 

with the  v a l u e  of t h e  d i f f u s e  exponent. 

decreasing almost l i n e a r l y  with the  va lue  of t h e  d i f f u s e  exponent. 

a n  exponent va lue  of zero (a continuum e l e c t r o n  with zero k i n e t i c  energy),  

are a l l  p o s i t i v e  b u t  have become small and decrease almost l i n e a r l y  
2P 

The t o t a l  energy, ESCF , is  a l s o  

For 

of 0 and a total energy above that 
2P 

linear extrapolation gives an E 

of 0- (1s 2 s  2p ) by 0.26 h a r t r e e  = 6.9eV and above t h a t  of O(3P) by 2 2 5  

0.28 h a r t r e e = 7 . 5 e V .  However, t he  c o e f f i c i e n t  of t h e  d i f f u s e  p b a s i s  

has a l i m i t i n g  va lue  of . 3 7  f o r  zero exponent. 

2p 

a maximum a t  'L0.9bohr and decreasing t o  

This i n d i c a t e s  t h a t  t h e  

o r b i t a l  has  two d i s t i n c t  p a r t s ,  a n  inner  o r  bound p a r t  going through 

0 a t  %14 bohrs and an ou te r  

o r  f r e e  e l e c t r o n  p a r t .  

2 

6 

The square of t h e  f r e e  e l e c t r o n  c o e f f i c i e n t ,  (.37) = . 1 4 ,  l eads  t o  a 

t o t a l  of 0 . 8 2 = 6  ~ 0 . 1 4  continuum e l e c t r o n s  i n  t h e  2p conf igu ra t ion .  

Thus w e  have, w i th in  t h e  r e s t r i c t i o n s  of t he  RHF model,  come very c l o s e  

t o  desc r ib ing  0- p lus  a f r e e  e l ec t ron .  However, w e  have done t h i s  i n  a 

r a t h e r  s p e c i a l  way which can be seen c l e a r l y  i f  w e  write the  2p o r b i t a l  as 

r e p r e s e n t s  the d i s c r e t e  p a r t  of t h e  2p o r b i t a l  and p the  'd C where 

continuum p a r t .  We may now expand t h e  closed s h e l l  RHF 2p configurat ion as 6 
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6 6  5 5 1  2p6 = A pd + 6A BC1pdpC 

C2 '"* ,  c5 are determined from angular  1' where t h e  c o e f f i c i e n t s  C 

momentum coupl ing  consideration^.'^ W e  can see c l e a r l y  t h a t  t h e  RHF 

wave func t ion  i s  a supe rpos i t i on  of states wi th  d i f f e r e n t  numbers of 

continuum e l e c t r o n s .  This  i n d i c a t e s  t h a t  c a l c u l a t i o n s  on f r e e  O= are 

meaningless,  s i n c e  wi th  a f l e x i b l e  b a s i s  set one is  computing a wave 

+ 6 -  - 
func t ion  which i s  a combination of 0- , 0-+ e,  O +  2e-o. 0 + 6e and 

t h e  system is becoming 0-+e- as much as p o s s i b l e  wi th in  t h e  RHF model. 

W e  t h e r e f o r e  decided t o  adopt t h e  approach of Watson" and s t a b i l i z e  
- - 

0 (We a c t u a l l y  computed oxygen surrounded by 

six p o i n t  charges  placed t o  g ive  the  system o v e r a l l  0 symmetry. For 

wi th  a charged sphere. 

h 

a n  atom wi th  only s and p o r b i t a l s  t h i s  is  i d e n t i c a l  t o  us ing  a 

charged sphere.)  

Separate  se l f - cons i s t en t - f i e ld  (SCF) c a l c u l a t i o n s  w e r e  performed 

f o r  both the  parent  and 1s ho le  spec ie s ;  t he  Is binding energy is obtained 

as the  d i f f e r e n c e  of t he  t o t a l  SCF energ ies  for parent and hole state .  

This  ASCF procedure t akes  i n t o  account t h e  intra-atomic f i n a l  s ta te  

r e l a x a t i o n  e f f e c t s  and y i e l d  accu ra t e  va lues  of atomic and molecular 

one l e v e l  binding energ ies .  3' 4' l1 A cont rac ted  gaussian b a s i s  (9s5p/4s 3p) 

se t ,  optimized f o r  0- , w a s  employed. 

an atomic c a l c u l a t i o n  w a s  made t o  a l low easy comparison wi th  

ab i n i t i o  SCF c l u s t e r  model s t u d i e s  of i o n i c  t r a n s i t i o n  metal oxides  

using this b a s i s  set, e.g., Fe016, N i O 1 7  and Cool8. ) 

(The choice of t h i s  b a s i s  set i n  
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I n  order  t o  assess t h e  e f fec ts  of t h e  charged sphere,  i t  w a s  

i n i t i a l l y  el iminated and SCF c a l c u l a t i o n s  w e r e  performed f o r  t he  pa ren t s  

O(  P) and O-(2P) 

p coupling of t h e  parent  w a s  r e t a ined .  The r e s u l t s  are summarized i n  

Table I1 under "no f i e l d . "  

f o r  O( P) (2/3 t h e  BE f o r  a P ho le  state p lus  1 / 3  t h e  2P BE) i s  

545.7eV. This is  remarkably c l o s e  t o  t h e  Hartree-Fock l i m i t  va lue  of 

545.0eV obtained by Bagus and Schaefer4 wi th  a n  extended b a s i s  set of 

STO' s . 

3 and both  of t h e  poss ib l e  Is hole  states i n  which t h e  

The weighted average of t h e  Is binding energy 

3 4 

The O y s  binding energy w a s  ca l cu la t ed  wi th in  t h e  charged sphere,  

along wi th  a r e p e t i t i o n  of a l l  o the r  oxygen ca l cu la t ions .  

and magnitude of t h e  charge w e r e  v a r i e d .  The parameters  adopted for the 

remainder of t h i s  work are a charge of +2 a t  a d i s t ance  of 3 bohrs from 

the oxygen nucleus.  

t he  no f i e l d  1s binding ene rg ie s  of 0 and 0- t o  wi th in  l e v .  Besides,  

t he  r e s u l t s  are f a i r l y  i n s e n s i t i v e  t o  t h e  choice of t he  f i e l d .  (Vatson 

used a s l i g h t l y  smaller sphere r a d i u s  of 2.66 bohrs.)  The r e s u l t s  of 

these  c a l c u l a t i o n s  are tabula ted  i n  Table I1 under "with f i e l d . "  The 

t o t a l  r a d i a l  charge dens i ty  f o r  @= w a s  t abula ted  and from t h i s  w e  

es t imate  .1 e l e c t r o n s  are  ou t s ide  of t h e  charged sphere.  

The d i s t a n c e  

This s p e c i f i c  f i e l d  w a s  chosen because i t  reproduced 

12  

f ie  c a l c u l a t i o n  of t h e  binding energy i n  t h i s  charged sphere r e q u i r e s  

a co r rec t ion  t o  t h e  d i f f e r e n c e  i n  t o t a l  energ ies  s ince  the  t o t a l  charge 

within t h e  sphere changes by 1. 

used a simple e l e c t r o s t a t i c  co r rec t ion .  The .1 e lec t rons  ou t s ide  of 

t h e  sphere i n d i c a t e s  t h i s  i s  not  exac t ly  t rue .  Sone measure of t h i s  

e f f e c t  can be seen from t h e  d i f f e r e n c e  between the  no f i e l d  and with 

f i e l d  Is binding energ ies  of 0 and 0- . AS can be seen i n  Table I1 

Assuming no overlapping of charge,  w e  
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t he  0 binding energ ies  change by . 3  ev while t h e  0- has a change of .8 ev. 

The e f f e c t  i nc reases  wi th  increased charge on t h e  oxygen s i n c e  t h e  l a r g e r  

s i z e  of t h e  anion causes  a g r e a t e r  overlapping wi th  t h e  charged sphere.  

The size of t h e  e r r o r  is small and should not  adversely e f f e c t  our r e s u l t s .  

The shape of t h e  1s binding energy v s  t o t a l  charge i s  of i n t e r e s t  

and is  not  w e l l  determined by only 3 poin ts .  

conf igura t ions  formalism i s  adopted, non-integral  number of e l e c t r o n s  

can be  t r e a t e d .  The 1s binding energy w a s  ca l cu la t ed  from 0- t o  0 a t  

i n t e r v a l s  of .25 e l ec t rons .  The r e s u l t s  are summarized i n  Table 111 and 

However, i f  an average of 

9 

- 

p l o t t e d  i n  Figure 1. From these  r e s u l t s  w e  can ob ta in  a va lue  f o r  t he  

binding energy s h i f t  X i n  Eq. (1).  It is c l e a r  t h a t  A is  not  q u i t e  

cons tan t  wi th  the change q of the  parent ,  O-q, but  varies from 12eV 

e l e c t r o n  a t  0-2 t o  18eV/e lec t ron  a t  0'. More important,  t hese  va lues  

a r e  s u b s t a n t i a l l y  smaller than the  semi-empirical va lue  of 

e l e c t r o n  obtained by Parry" and used by him f o r  an  a n a l y s i s  of t he  

X=30.4eV/ 

e f f e c t i v e  i o n i c i t i e s  i n  va r ious  lead oxides.  Our va lues ,  which are 

s u b s t a n t i a l l y  smaller than Pa r ry ' s ,  would probably lead ,  using h i s  

ana lys i s ,  t o  d i f f e r e n t  ( l a r g e r )  i o n i c i t i e s  f o r  t he  lead oxides.  

It i s  a l s o  i n t e r e s t i n g  t o  examine the  e f f e c t  of the Madelung potential 

on the  0 binding energy i n  one r ep resen ta t ive  case ,  t h a t  of FeO. The 

Madelung p o t e n t i a l  a t  t h e  0 s i te ,  assuming +2 (ca t ion)  and -2  (anion) 

1s 

charges i s  23.3eV obtained using t h e  l a t t i c e  parameters given by 

Wyckof f . 2o The Ols binding energy f o r  0 i n  t h i s  p o t e n t i a l  i s  

538.5 e V  (= 515.2 + 23.3) and is  referenced t o  vacuum. 

-2  

The observed21 XF'S 

binding energy i n  FeO,  referenced t o  t h e  Fermi l e v e l ,  (%), i s  530.1eV. 

Taking Q5eV as a rough estimate of t he  work func t ion ,  we have t h e  

observed va lue  with r e spec t  t o  vacuum as 535eV which is  not  too f a r  

from our ca l cu la t ed  538.5eV. It is  easy t o  imagine t h a t  e f f e c t s  due t o  
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charge overlap or f i n a l  s ta te  extra-atomic relaxation could account for 

the difference. However, i t  would be quite important to  demonstrate 

that th is  i s  indeed the case.  
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- 
Table I. Summary of f r e e  0- . For each choice of t h e  d i f f u s e  2p exponent. 

The t o t a l  energy, t h e  2p o r b i t a l  energy (both i n  h a r t r e e s ) ,  and 

t h e  c o e f f i c i e n t  of t h i s  d i f f u s e  func t ion  i n  t h e  2p o r b i t a l  are 

given. 

Coef f i c i en t  
2P 

Exponent To ta l  E f 

0.07 -74.520034 

0.06 -74.523649 

0.05 -74.525520 

0.04 -74.527467 

0.03 -74.529499 

0.02 -74.531622 

0.01 -74.533831 

0.0 (ex t rapola ted)  -74.534 

+o. 02745 

0.02422 

0.02018 

0.01613 

0.01209 

0.00805 

0.00401 

0 

0.369494 

0.360212 

0.361756 

0.363135 

0.364321 

0.365238 

0.366002 

0.37 



Table 11. 1s binding energy f o r  0 ,  0- and O= . 
are reported i n  e V .  

marizes t h e  r e s u l t s  without t h e  charged sphere. 

The binding ene rg ie s  

The column l a b e l l e d  "no f i e l d "  sum- 

Parent  

0 

0 

- 
0 

0- 

- 
0- 

1s ho le  
state 

2P 

4P 

l P  

3P 

N o  f i e l d  With f i e l d  

548.8 548.5 

544.2 543.9 

530.9 530.1 

528.3 527.2 

515.2 
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Table 111. 1s binding energy for O-' using the average of configurations. 

A l l  binding energies are i n  eV and a l l  calculations were 

performed using the charged sphere. 

Parent 

0 

o-. 25 

0-0.5 

f0 .75 

o-l. 

o-l. 25 

o-l. 5 

o-l. 75 

-2.0 0 

Binding energy 

545.4 

540.9 

536.3 

532.1 

527.9 

524.5 

521.2 

518.1 

515.2 
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Figure 1. A p l o t  of t h e  1s binding energy vs  charge (9) on the  O-q 

paren t .  

and a charged sphere.  

The c a l c u l a t i o n s  used the average of conf igu ra t ions  

e 


